A mission of the Advanced Life Support (ALS) Project is to develop bioregenerative life support systems to enhance the International Space Station and ultimately sustain a lunar base or a voyage to Mars. This necessitates creating a combination of physicochemical and biological systems that can regenerate resources (or materials) needed to sustain life for long time periods, possibly without the potential of resupply. Since bacteria perform recycling of various elements on Earth, it is reasonable to assume that a bioregenerative ALS system for a space vehicle or colony may also rely on bacterial activity. Understanding the microbial ecology in a biological treatment system is important for designing and operating it at optimal efficiency and to ensure reliability. In 1997, two fixed-film biological wastewater treatment reactors were tested by the National Aeronautics and Space Administration (NASA) at the Johnson Space Center (JSC) during a 91-day simulated longterm manned space mission. This experiment (Lunar-Mars Life Support Test Project-Phase III) consisted of four crew members confined in a test chamber. The system utilized an immobilized cell bioreactor (ICB) for organic carbon removal and a trickling filter bioreactor (TFB) for ammonia removal, supplemented by additional physicochemical devices for reclaiming potable water.
In this report, we characterize the microbial community structures in the ICB and the TFB. Previously, many studies have demonstrated the existence of diverse groups of microorganisms in activated sludge and in fixed-film treatment systems (7, 8, 14, 20, 22, 23, 28, 31) . However, the Phase III test at JSC represents a unique opportunity in which the microbial populations responsible for treating the wastewater (and a human crew) were allowed to develop in isolation for a 3-month period. The major questions addressed in this research include (i) which microorganisms were present in the JSC bioreactors and whether they differ from those previously reported and (ii) which microorganisms, if any, were brought in by the crew or enriched during the course of the Phase III test.
To address these questions, we characterized the total, ammonia-oxidizing, and denitrifying bacterial communities in the system by using three target genes, i.e., the 16S rRNA, ammonia monooxygenase (amoA), and nitrous oxide reductase (nosZ) genes, respectively. The amoA gene was chosen to identify bacteria responsible for ammonia removal (24, 25) , and the nosZ gene (26, 27 ) was used to detect bacteria responsible for loss of fixed nitrogen from the wastewater treatment systems. These two functional groups (nitrifiers and denitrifiers) are essential for waste processing and resource recovery of nitrogen. A functional gene approach was selected for the N-cycling groups because of concerns regarding specificity when a 16S rRNA gene approach is used for nitrifiers (24) or because the ability to denitrify is not limited to specific taxonomic groups (32) . This analysis, in conjunction with physical and chemical data obtained during the Phase III test, may help improve the design and performance of biological wastewater treatment reactors for the ALS Project.
MATERIALS AND METHODS
The wastewater treatment system consisted of six subsystems, including two fixed-film bioreactors (Fig. 1) , which are the target of this study, and four physicochemical reactors. The reactor structures and operating conditions are shown in Fig. 1 and Tables 1 and 2 (see reference 19 for additional information). The system was designed to process 110.6 kg of wastewater generated by the crew per day. The average total organic carbon (TOC) and ammonia removal percentages were 94 and 48%, respectively, during the manned portion of the test. The water supply was recycled 10 times during the test without any additional resupply.
ICB. An ICB was constructed by using an acrylic cylinder (25.4-cm inside diameter, 218-cm height) filled with 60 acrylic plates held 2.54 cm apart by spacers (Tables 1 and 2 ). Each plate was covered on both sides by a porous polymer support for microbial colonization. Wastewater entered the bottom of the reactor, and air was injected at a rate of 1.5 liters/min at a distance 16.5 cm from the bottom in an upflow cocurrent manner. This bottom layer was designed to promote denitrification, followed by aerobic carbon oxidation in the remainder of the column. The influent of the ICB was the mixture of wastewater from a feed tank and a portion of the TFB effluent (see below). TFB. A TFB was also constructed by using an acrylic cylinder (25.4-cm inside diameter, 145-cm height) packed with alternating layers of 2.54-cm polypropylene Pall rings and 6-mm ceramic saddles to support microbial growth (Tables  1 and 2 ). The influent to the TFB consisted of the ICB effluent and recycled water from the TFB itself. A total of 2 liters of air per min was distributed throughout the TFB by injection at three locations: an aeration cup, the bottom of the reactor, and an aeration tank (Fig. 1) . The effluent from the TFB was recycled into the TFB and ICB or processed in a series of physicochemical treatments and stored for human consumption.
Bioreactor inoculation, operation, and sampling. The ICB for organic carbon removal was inoculated with a commercial microbial consortium (DBC Plus Type ABH; Enviroflow, Inc., Manassas, Va.) on 23 August 1997 and acclimatized for 4 days. On 27 August, the ICB began receiving wastewater (shower, handwash, and urine) donated by personnel at JSC, as well as simulated humidity condensate. From 19 September to 19 December (91 days), the ICB reactor received wastewater generated by the four crew members enclosed in a sealed test chamber. The sources of wastewater were laundry, shower, handwash, oral hygiene, urine, and humidity condensate. The reactor was continuously operated throughout the phase III test at a nominal influent flow rate of 75 ml of wastewater per min and 150 ml of recycled water per min from the TFB. The average TOC concentration measured was 294 mg/liter in the feed tank, 180 mg/liter at the inlet to the ICB, and 17 mg/liter in the ICB effluent during the manned portion of the test. The concentration of organic carbon at the inlet to the ICB was lower than that in the wastewater collection tank due to the effect of dilution by the recycled water.
The TFB for ammonium removal was inoculated with a commercial nitrifying bacterial consortium (DBC Plus NitroTreat 20; Enviroflow) and acclimatized for 10 days. The influent was a mixture of the effluent from the ICB at 225 ml/min with the recycled flow from the aeration tank below the TFB outlet at 10 liters/min. (The high recycling rate provided a uniform distribution of wastewater throughout the reactor.) The ammonium N concentration ranged from 59 to 370 mg/liter in the influent mixture with an average concentration of 87 mg/liter in the TFB effluent.
DNA extraction and PCR amplification. Genomic DNA was extracted from biofilm samples by a phenol-chloroform procedure described in reference 25 with eight freeze-thaw cycles. Between 100 and 800 mg of biofilm or commercial inoculum was used to extract genomic DNA. For 16S rRNA gene amplification, genomic DNA (Ͻ10 ng) was amplified with eubacterial universal primers 27F and 1525R (13) as described previously (25) . For ammonia monooxygenase (amoA) genes, amplification was done with primers A189 and A682 under the conditions described in reference 9. For the nitrous oxide reductase (nosZ) genes, primers Nos661F and Nos1773R were used as described previously (26, 27) .
Cloning and sequence analysis. Cloning of the various target genes was done with the CLONEAMP pAMP1 system (Life Technologies, Gaithersburg, Md.) in accordance with the manufacturer's instructions. A total of 480 clones for 16S rRNA genes (four libraries from the ICB and one library from the TFB), 288 clones for amoA genes (two libraries from the ICB and one library from the TFB), and 288 clones for nosZ genes (two libraries from the ICB and one library from the TFB) were analyzed in this study. Clonal libraries were not created for the inocula. Plasmid purification of recombinant clones for sequence analysis was performed with a FlexiPrep Kit (Amersham Pharmacia Biotech, Piscatway, N.J.), and sequence data were generated with BigDye chemistry on an ABI 310 genetic analyzer (Perkin-Elmer, Foster City, Calif.). Identification of 16S sequence similarities of the small subunit (SSU) of rRNA utilized the Ribosomal Database Project (16) . The BLASTN (1) and FASTA (21) programs were used for preliminary amoA and nosZ gene sequence similarity analyses, and a distance matrix with Jukes-Cantor correction was generated to examine sequence similarity among the pure cultures and uncultured microorganisms at the nucleic acid and amino acid levels. Phylogenetic tree reconstruction utilized both the maximumlikelihood (5) and neighbor-joining methods in the genetic data environment (30) .
T-RFLP fingerprinting. For terminal restriction fragment length polymorphism (T-RFLP) analysis, a fluorescent dye was incorporated on the 5Ј primer for each target gene (2, 4, 15, 17, 18) . The fluorescently labeled product (ca. 50 ng) was digested with MnlI (New England Biolabs, Beverly, Mass.) for 16S rRNA FIG. 1. Schematic of biological wastewater treatment reactors for Phase III test. Table 2 contains the wastewater characteristics at various places within the reactors indicated by the numbers. P/C, physicochemical treatment. a ICB Influent is a mixture of TFB effluent, recycled to the front of the process, and wastewater. The number for each stage (superscript) corresponds to that in Fig. 1 .
as described previously (6, 12) with TaiI (MBI Fermantas, Amherst, N.Y.) for amoA and with HinpI (New England Biolabs) for nosZ fingerprints (27) . (The restriction endonucleases were selected to give maximal resolution of terminally labeled fragments to known target sequences in the database.) All digestions were done in accordance with the manufacturer's instructions for 12 h. After ethanol precipitation, T-RFLP analysis was also carried out on an ABI 310 genetic analyzer with Genescan software and an internal size standard. The comparative T-RFLP data analyses were carried out by using the Combinatorial Polythetic Agglomerative Hierarchical clustering package (3; http://www.es.umb .edu/edgwebp.htm).
Nucleotide sequence accession numbers. The nucleotide sequences obtained in this study have been deposited in the GenBank database and assigned accession numbers AF390906 to AF390962 and AF390116 to AF390135.
RESULTS
T-RFLP analysis of the reactors. Initial characterization of the microbial communities at various places in the reactors relied on T-RFLP fingerprinting. Fluorescent amplifications were successful for nearly all of the samples, with the exception of amoA and nosZ for the ICB inoculum. It may be that ammonia-oxidizing and denitrifying bacteria were a small portion of the total community in this sample and were below the detection limit of the PCR assay (17, 18 ). An alternative explanation (PCR inhibitors) was not deemed likely given the 16S rRNA amplifications from the ICB inoculum did not demonstrate appreciable product suppression, and numerous attempts to eliminate any such inhibitors were unsuccessful.
In the T-RFLP fingerprints of the microbial communities, total peak numbers varied by a factor of 5 (range, 28 to 129) for SSU genes and by a factor of 3 for the functional genes (ranges, 3 to 8 for amoA and 19 to 57 for nosZ) ( Table 3 ). The middle of the ICB contained the lowest number of T-RFLP peaks for the SSU and nosZ genes, while the anaerobic part of the ICB (before) harbored the lowest number of amoA peaks. In the TFB, the bottom and middle regions also enclosed the lowest numbers of SSU genes and amoA and nosZ genes, respectively. Not only were changes in absolute numbers of peaks discernible, but marked differences in profiles could also be seen between the inoculum and the various biofilm samples taken throughout the reactor at the end of the test (Fig. 2) . Here, a FIG. 2. T-RFLP profiles of 16S rRNA genes from biofilm samples of the ICB after digestion with MnlI. A unique peak (clone ICBAF7) not detectable in the inoculum but found in the final samples is indicated. Cluster analysis of the various T-RFLP fingerprints verified much of this visual inspection. The inocula always grouped outside the samples from the various places within the reactor (Fig 3) for all three target genes. This result suggests that many members of the community are lost during reactor operation or that most of the microbial inhabitants of the reactors are induced from undetectable levels in the inocula or introduced in the wastewater feed. Total communities based on 16S T-RFLP patterns demonstrated similarities ranging from 35 to 75% (Fig. 3) for the ICB and from 28 to 67% for the TFB, with much of the difference in similarity based on very small peaks (data not shown). The clustered profiles of the 16S rRNA genes demonstrated a separation between the bacterial communities in the ICB and the TFB, implying that different microbial populations had developed despite the recycling of effluent between the reactors.
The distributions of the ammonia-oxidizing bacteria based on the amoA profiles also showed a clustering pattern similar to that of the 16S rRNA genes. For the ICB, the after-and before-air injection layers clustered together (89%) and the top and middle layers clustered together (80%), with the three TFB samples also clustering (83%) (Fig. 3) . In the before-and after-air injection zones of the ICB and all three zones of the TFB, the peaks of both Nitrosomonas-like and Nitrosospira-like amoA genes were identified; however, in the top and middle parts of the ICB, only Nitrosomonas-like amoA genes were found (data not shown). The similarity values of nosZ were lower than those of the other two target genes, ranging from 47 to 58% for the ICB and from 27 to 34% for the TFB. In addition, the T-RF peak profiles clustered differently from the other two genes. In the ICB, the middle-layer nosZ populations grouped with the before and after samples rather than with the top layer sample. In the TFB, the top and bottom samples grouped together and the middle sample was more distant.
Clonal analysis of 16S rRNA genes. To gain a better understanding of the microbial populations in the reactors, clonal libraries of 16S rRNA genes were constructed from all four layers of the ICB and from the middle layer of the TFB as described previously (12, 25) . Due to the similarities of the T-RFLP profiles, only two samples from the ICB and the middle sample from the TFB were analyzed for amoA or nosZ genes. Of the 384 16S rRNA clones obtained from the ICB, 39 unique partial 16S rRNA gene sequences (541 bp) were identified. Comparison of these ICB SSU sequences to the Ribosomal Database Project database indicated low homology, with similarity (Sab) values ranging from 0.621 to 0.941 (Table 4 ), suggesting that many of the SSU genes found in the ICB have not been described in previous studies of waste treatment systems. Only five sequences showed high levels of homology (Sab values of Ͼ0.9) to sequences in the database. A total of 28 SSU clones were affiliated with the Proteobacteria. Low-GϩC gram-positive and Cytophagales-like 16S rRNA gene sequences were also detected in many of the libraries. No distinct spatial distribution patterns were discerned based on the SSU genes in the different layers of the ICB.
In the TFB middle layer, analysis of 96 clones revealed 18 unique 16S rRNA gene sequences (Table 5) . A total of 14 proteobacterium-like 16S rRNA gene sequences were detected (Sab values of 0.791 to 0.973), with 12 demonstrating high levels of similarity (Sab values of Ͼ0.9) to sequences in the Ribosomal Database Project. The remaining six clonal sequences were loosely related to the Cytophaga-Flexibacter-Bacteroides group, Planctomycetales, and Nitrospira.
Ammonia-oxidizing bacteria in the ICB and TFB based on the amoA genes. Among the 288 clones, a total of 27 different amoA genes (14 in the ICB and 13 in the TFB) were observed. Most shared high levels of sequence similarity to sequences in the database, ranging from 99.1% for Nitrosospira sp. strain Np39-19 to 100% for N. europaea and were considered proof that these nitrifying microorganisms inhabited the bioreactors. However, four novel amoA genes were obtained that were more distantly related to amoA genes in the database. Two sequences (clones ICBTG2 and ICBBA2) appeared to be affiliated with the N. europaea cluster as defined in references 22 and 29 (Fig. 4) , showing 93.5 and 93.9% similarity at the nucleotide level and 98.8 and 98.2% similarity at the amino acid level to N. europaea, respectively. Two other novel sequences (clones ICBBC11 and ICBBG2) grouped with the Nitrosospira multiformis lineage, with 92.7 and 97.1% similarity at the nucleotide level and 97.1% similarity for both at the amino acid level to N. multiformis, respectively. No clones were affiliated with the Nitrosomonas eutropha or other Nitrosospira branches (e.g., N. briensis and N. tenuis).
In the TFB, a total of four unique amoA sequences (TFBMH12, TFBME3, TFBMH4, and TFBMB10) were identified (Fig. 4) . The clone TFBMH12 sequence had 94.5 and 99.4% identity with the N. europaea amoA gene at the nucleotide and amino acid levels, respectively. The other three sequences were close to the N. multiformis amoA gene, with similarities ranging from 89.9 to 92.1% and from 96.4 to 97.7% at the nucleotide and amino acid levels, respectively. The clone TFBMB10 sequence, however, appeared to be more closely related to the clone ABIAC5 sequence (97.3% identity at the nucleotide level and 98.8% identity at the amino acid level), which was present in an ammonia biofilter reported previously (25) . Many of the amoA genes found in these bioreactors clustered at the periphery of the known groups of nitrifying bacteria.
Denitrifying bacteria in the ICB and TFB based on the nosZ genes. In the ICB, nine novel partial nosZ genes (489 bp) were obtained from the clonal libraries generated from the top and before-air injection layers, and their affiliation is shown in a reconstructed phylogenetic tree in Fig. 5 . Various degrees of similarity were observed between the clonal nosZ gene sequences from the bioreactors and known cultured denitrifying bacteria (Pseudomonas sp., Achromobacter sp., and Sinorhizobium sp.) and environmental nosZ sequences in the GenBank database. The similarities ranged from 76.7 to 94.2% at the nucleotide level and from 68.0 to 94.2% at the amino acid level. One nosZ sequence, ICBBE12, was nearly identical to an environmental clone from marine sediments (696O; 99.7% identity at the nucleotide level and 100% identity at the amino acid level) (26) . In the TFB, three unique nosZ genes were identified in the middle-layer clonal library (Fig. 5) and the clone TFBB2 sequence appeared to be related to the P. stutzeri nosZ gene, with similarities of 89.6% (nucleotide level) and 88.9% (amino acid level). Clone TFBD2 showed sequence similarities to the P. fluorescens nosZ gene of 86.5% (nucleo- 
DISCUSSION
The Phase III test at JSC demonstrated an integrated biologically-physicochemically based system capable of treating and recycling wastewater for consumption by a human crew (19) . This analysis was carried out to obtain baseline information on the microorganisms in the reactors associated with organic carbon degradation, nitrification (ammonia oxidation), and denitrification being developed at JSC and to test whether these microbial populations are similar to those of other wastewater treatment facilities. In this study, three eubacterial divisions were found in both bioreactors: Proteobacteria (␣, ␤, and, ␥ groups), Cytophagales, and Planctomycetales. The taxonomic divisions observed in this study concur with the findings of other studies associated with wastewater (reviewed in reference 11) in finding Proteobacteria (␣, ␤, and ␥ groups), Cytophagales, Planctomycetales, Verrucomicrobium, and low-GϩC gram-positive bacteria. However, sequences affiliated with high-GϩC gram-positive bacteria and the ␦ group of Proteobacteria reported in other wastewater studies were not detected in the JSC bioreactors. Conversely, sequences belonging to the ε group of Proteobacteria were found in the ICB in our study but not in the previous studies.
With respect to the spatial distribution of ammonia-oxidizing bacterial populations, the ICB top and middle layers contained only Nitrosomonas-like amoA genes and the before-and after-air injection sections harbored both Nitrosomonas-and Nitrosospira-like amoA genes, consistent with other reports for a bioreactor (25) and the environment (10, 24, 22, 29) . The detection of Nitrosospira-like amoA may not be a surprise, in contrast to its "sporadic" detection in other wastewater treatment systems, as noted in reference 22, since biofilms may provide a greater diversity of niches compared with activated sludge. However, questions have been raised about whether a T-RFLP approach can adequately resolve amoA sequences, especially when using the Holmes priming set as we have in this study (22) .
For this fingerprinting exercise, we used the enzyme TaiI, in contrast to previous work using TaqI, to distinguish amoA genes (10) . Although no restriction enzyme is able to resolve all of the possible target genes for T-RFLP analysis, the TaiI enzyme can give peaks to diagnostic groups such as the Nitrosomonas-like (177 and 282 bp) and Nitrosospira-like (483 bp) groups. Improved resolution with T-RFLP approaches will require multiple digestions to fully resolve the various components of the different clusters. As for the Holmes priming set, in reference 22 it is reported that there exist up to six mismatches for members of the N. europaea-like cluster, which implies that no PCR product will be obtained when this priming set is used. However, in this and a previous study of biofilters (25) , N. europaea-like genes have been amplified and characterized. Although these primers contain mismatches, Additionally, the question arises of whether these amoA genes belong to different species of nitrifying bacteria inhabiting these bioreactors or represent divergent copies of amoA genes from previously described nitrifying bacteria. Purkhold et al. suggested a threshold value of 80% similarity for amoA genes from different species of nitrifiers based on an extensive comparison of known strains using DNA-DNA hybridization, 16S rRNA similarity, and amoA similarity. None of the amoA genes described in this study meet this threshold criterion for novel nitrifying species (similarities in these data ranged from 90 to 97%). Although we cannot unequivocally rule out the possibility that these amoA genes represent novel nitrifying bacteria, it is more likely that the bioreactors harbor nitrifying strains closely related to Nitrosomonas and Nitrosospira cultures that have been characterized.
As for the denitrifying populations, the spatial distribution profiles of nosZ genes in the TFB differed slightly from those of the 16S rRNA and amoA genes, with the top and bottom portions of the reactor clustering together. Based on the nosZ T-RFLP profiles, the ICB appeared to harbor a more diverse group of denitrifying bacteria than the TFB. As with the 16S rRNA T-RFLP profiles, this finding is expected because of the higher total organic carbon concentrations (180 mg/liter on average, ranging from 74 to 500 mg/liter) and pH values (7.37 to 8.48) in the ICB influent than in the TFB influent (TOC of 16.6 mg/liter on average, ranging from 9 to 56 mg/liter, and pHs of 6.07 to 7.37) (19) . The clonal analysis of nosZ genes suggests that the denitrifying bacteria that inhabit the bioreactors are generally related to cultured denitrifiers (Pseudomonas-Paracoccus-Achromobacter group); however (as with the amoA genes), the nosZ sequences all cluster at the periphery of the various known denitrifying microorganisms. This is in contrast to an environmental study in which few of the nosZ genes discovered were associated with any cultured denitrifying bacteria (26) . In spite of this, three sequences were identified that were not closely affiliated with any known groups of nosZ genes. More attempts should be made to identify those microorganisms possessing unique nosZ genes from bioreactors and other samples to gain a better understanding of denitrifying bacteria in these systems.
In conclusion, the bioreactors at JSC were found to harbor unique heterotrophic (ε-Proteobacteria, Cytophagales, and Planctomycetales) and denitrifying populations of bacteria, but the ammonia-oxidizing populations were generally found to be closely related to known strains of nitrifiers from other wastewater treatment systems (22) . This information on microbial populations is important to establish and enhance the reliability of biological water recovery systems for long-duration space flight missions. The next phase of research should focus on measuring gene expression of total and specific microorganisms, such as ammonia-oxidizing and denitrifying bacteria, to provide information about active populations in a given system (e.g., a wastewater treatment reactor). Combination of these data and quantitative data (e.g., fluorescence in situ hybridization) for these organisms with physical and chemical measurements of processes within the reactors may begin to describe the workings of what has been, until now, a "black box" system and eventually improve the design and operation of these biological systems.
